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Abstract 23
In the current work the uptake of plutonium onto nanoscale zero-valent iron 24 nanoparticles (nZVI) under anoxic conditions has been investigated. A uranyl solution 25 was also studied under similar geochemical conditions to provide a comparative dataset. 26 Following nZVI addition, a rapid and significant decrease in aqueous actinide 27 concentration was recorded for both systems. The removal rate recorded for plutonium 28 was slower, with 77 % removal recorded after 1 hour of reaction, compared to 99 % 29 recorded for uranium. Low aqueous contaminant concentrations (<25 %) were then 30 recorded for both systems until the end of the 7 day reaction period. XPS confirmed 31 contaminant uptake onto the nZVI. For the plutonium system, the recorded photoelectron 32 spectra exhibited Pu 4f lines centred at ~439 eV and ~427 eV, characteristic of Pu 4+ and 33
implying that chemical reduction of the sorbed plutonium had occurred, ascribed to the 34 formation of PuO2. Similarly, with the U-system, the recorded U 4f photoelectron peaks 35 were centred at energies of ~380 eV and ~391 eV, characteristic of U 4+ in UO2. Results 36 provide clear evidence that nZVI may be used as an effective material for the removal of 37 plutonium from contaminated waters. 38 1. Introduction 40 To date, a principal environmental legacy of mankind's military and civil nuclear 41 activities has been the discharge, either authorised or accidental, of many long-lived 42 radionuclides. Actinides and other radionuclides present a considerable long-term 43 environmental concern and have a strong bearing on the potential for site redevelopment. 44 In addition, the contamination of groundwater by more soluble radionuclides can 45 compromise drinking water sources and spread contamination over significant distances. 46 Within most civil nuclear reactors uranium dioxide (UO2) is the primary fuel. However, 47 transmutation of non-fissile 238 U also generates plutonium which contributes 48 significantly to the overall energy output. This has been estimated to be up to 30 [3] a significant fraction of the total site radiation levels. In the UK, elevated 59 radioactivity has previously been recorded for water samples taken in proximity to the 60 Sellafield nuclear reprocessing plant in Cumbria, England. For example, a study in 1999 61 hematite, ferrihydrite and goethite. [36] In addition many forms of plutonium are known 113 to be redox active with regard to the ferrous iron. For example, aqueous Pu(V) has been 114 documented to reduce to Pu(IV) when sorbed to hematite (α-Fe2O3) and goethite (α-115 FeOOH). [37] As a consequence an emerging field of research is the potential utility of 116 engineered iron bearing materials as sorbents for plutonium. Additionally, as plutonium 117 and uranium are often associated, a remediation technology that is effective for both 118 radionuclides would be of great benefit. Correspondingly, this paper presents a 119 preliminary study to assess the feasibility of using nZVI to remediate both plutonium and 120 uranium contaminated solutions. 121 122
Materials and methods 123

Nanoparticle synthesis 124
nZVI were synthesised following an adaptation of the method first described by Wang 125 and Zhang, 1997 [38] , using sodium borohydride to reduce ferrous iron to a metallic 126 state. Briefly, 7.65 g of FeSO4•7H2O were dissolved in 50 mL of Milli-Q water 127 (resistivity 18.2 MΩ·cm at 25°C) and then a 4 M NaOH solution was used to adjust the 128 pH to 6.8. The salts were then reduced to metallic nanoparticles by the addition of 3.0 g 129 of NaBH4. The nanoparticle product was isolated through centrifugation and then 130 sequentially washed with water, ethanol and acetone (20 mL of each). The nanoparticles 131 were dried in a desiccator under low vacuum (~10 -2 mbar) for 48 hours and then stored in 132 a nitrogen-filled glovebox until required. 133 environment of a Saffron Scientific (Alpha series) glovebox under negative pressure. A 137 Pu-solution of 1 ppm was synthesised by adding 0.3 mL of a 1000 ppm IRMM standard 138 material to a 500 mL polypropylene bottle containing 300 mL of Milli-Q water. The U-139 solution was made by adding 0.3 mL of a 1000 ppm uranyl acetate stock solution into 140 300 mL of Milli-Q water. The pH of each system was measured and then 0.1 M NaOH 141 was added dropwise to adjust both systems to pH 6. The systems were then left to 142 equilibrate for a time period of 48 hours. 143
Prior to nanoparticle addition a 1 mL sample was taken from each batch system (time = 144 0 h) and the DO and Eh was measured and recorded. The 299 mL solutions were then 145 divided into two smaller volumes of 99 mL and 200 mL to act as the experimental 146 control and the sorption experiment, respectively. Two batches of nZVI (0.02 g each) 147
were then added to 1 mL of absolute ethanol (Sigma Aldrich, ≥99.5%) and dispersed by 148 sonication for 60 seconds using a Fisher Scientific Ultrasonic cleaner. The resultant 149 slurry was then added to the batch systems, which were then gently agitated to disperse 150 the nanoparticles throughout the sample. 151
Both systems were sampled at 1 h, 2 h, 4 h, 24 h, 48 h and 7 d. Prior to sampling, the jars 152 were gently shaken to ensure homogeneity and then a disposable pipette was used to 153 extract a 1 mL volume of liquid/nanoparticle mix which was expelled into a 1.5 mL 154
Eppendorf tube. Two Eppendorfs were filled in this way, the lids closed and the tubes 155 centrifuged for two minutes at 10,000 RPM using an Eppendorf MiniSpin centrifuge. 156
The supernatant was then poured off into a 10 mL beaker and the process was and Fe 3+ tetrahedral, respectively. These parameters were selected on the basis that the 203 surface oxide was assumed to be a mixture of wüstite and magnetite, as the oxide Fe 2+ is 204 in the same coordination with the surrounding oxygen atoms in both forms of oxide. therefore be concluded that both contaminants exhibited similar trends, in general, for 267 their removal onto nZVI, with rapid and significant initial uptake (sampling periods ≤ 4 268 h), followed by significant retention of the sorbed actinides. It can also be noted, 269
however, that the kinetics of plutonium uptake was much slower than uranium, and also 270 no re-release was recorded for the former actinide specie whilst some re-release was 271 recorded for the latter specie. With the surface area of nZVI assumed as the same for 272 both systems this behaviour could be attributed to the aforementioned significantly 273 higher starting concentration of uranium in comparison to plutonium. One further 274 explanation could be related to any differential sorption affinities of the two actinides. 275
For example, it is likely that for the starting redox conditions and pH tested in the current 276 work (Eh = 185, pH = 6) plutonium and uranium would have been present predominantly 277
as Pu(OH)3 + and UO2 2+ respectively, [42] with a lower sorption affinity likely to have 278 been exhibited by the former species since it is a singly charged ion. [43] In addition, the 279 partial re-release of uranium in comparison to the full plutonium retention recorded could 280 also be related to differential chemical transformation (once sorbed) of the actinides. For 281 example, uncomplexed pentavalent and hexavalent plutonium species are typically more 282 easily chemically reduced than uranyl (UO2 2+ ), and would therefore be more easily 283 transformed into a more stable surface-bound state. [44] 284 A final consideration is that during the 7 day reaction period, the surface area of the nZVI 285 would have changed due to progressive corrosion of the particles to form iron oxy-286 hydroxide products. This is assumed to have resulted in a progressive increase in the 287 adsorption. 289 290
Changes in pH and Eh 291
Prior to nanoparticle addition, the pH of both systems was measured as 6.0. The Eh and 292 dissolved oxygen content were also measured as 185 mV and 3. As a result of these corrosion mechanisms the nZVI would have been an active and 309 dynamic source of various corrosion products, which may have included Fe(OH)2,formation of these corrosion product(s) and the aforementioned chemically reducing 312 conditions would have been responsible for the physical removal (sorption or 313 enmeshment) and in some instances chemical reduction of the exposed aqueous 314 plutonium and uranium species. It must be noted that whilst Eq. 1 and 2 are useful for 315 illustrative purposes that it would have been highly unlikely that quantitative removal of 316 either plutonium or uranium would have occurred directly on Fe 0 surfaces due to its 317 extremely low aqueous stability. Instead it is likely that the contaminants would have 318 been sorbed onto structural and/or precipitate ferrous or ferric iron species. [16] 319 previously observed for aqueous uranium [46] , [44] . a material for scavenging actinides from water. However, significant further research and 380 development is required in order to achieve a technology that may be simply and reliably 381 deployed and then subsequently recovered. One specific avenue for investigation is the 382 development of composite filter materials in which nZVI may be incorporated as a 383 reactive material, potentially alongside others. In such a structure the nZVI would be 384 trapped or anchored such that the reactive properties are still exploited but the particles 385 are immobilised. In this way the scavenged actinides may be efficiently recovered after 386 being concentrated on the filter surfaces. 387
Potential utility of nZVI as a sorbent for plutonium and uranium 388
To date a wide array of sorbent materials have been investigated for the removal of 389 plutonium and uranium from waste water, including titania microspheres [48] , silica gel 390 [49, transitional metal oxides [50] , [51] and activated carbon [51] . The results presented 391
in the current work demonstrate nZVI as effective for both plutonium and uranium 392 removal; however, a direct comparison with the aforementioned conventional actinide 393 sorbent materials cannot be drawn due to differences in experimental setup between the 394 studies. It is clear, however, that a key advantage of nZVI is their ability to be suspended 395 in solution as a colloid for maximum actinide scavenging and then recovered via 396 magnetic attraction. This unique deployment and recovery mechanism could prove of 397 considerable benefit for the treatment of radionuclide bearing waste streams where the 398 magnetic nanoparticles (and sorbed radionuclides) can be efficiently recovered in a one-399 step and automated process, and then directly vitrified or stripped for re-use. There reuse 400 efficacy, however, will depend on the concentration of dissolved oxygen in the batch 401 treatment solutions. Time periods in the order of hours (approximately <48 hours) are 402 typical for the transformation of nZVI into non paramagnetic (hydr)oxides in oxygenated 403
